Background: Microsatellites (or short tandem repeats, STRs) are the genetic markers of choice for studying Aspergillus fumigatus molecular epidemiology due to its reproducibility and high discrimination power. However, the specificity of these markers must be investigated in a group of isolates from closely related species. The aim of this work was to test a microsatellite-based PCR multiplex previously designed for A. fumigatus in a set of species belonging to section Fumigati, namely Aspergillus fumigatiaffinis, Aspergillus lentulus, Aspergillus novofumigatus, Aspergillus unilateralis, Aspergillus viridinutans, Neosartorya fischeri, Neosartorya hiratsukae, Neosartorya pseudofischeri and Neosartorya udagawae. Results: The reference A. fumigatus strain ATCC 46645 was easily genotyped in standard conditions showing a final electrophoretic profile of 8 expected peaks corresponding to each microsatellite locus. Inversely, no peaks were observed for all other species from section Fumigati, with an exception for marker MC6b in A. unilateralis. By screening the genome sequence of Neosartorya fischeri NRRL 181, the results showed that MC3, MC6a and MC7 might be employed for N. fischeri genotyping since these markers present several repeats of each motif. The accumulation of insertions and deletions was frequently observed in the genomic regions surrounding the microsatellites, including those where the A. fumigatus primers are located. The amplification of microsatellite markers in less stringent amplification conditions resulted in a distinct electrophoretic profile for species within section Fumigati. Conclusions: Therefore, the microsatellite-based PCR multiplex allow simple identification of A. fumigatus and, with a slight modification of temperature conditions, it also allows discriminating other pathogenic species within section Fumigati, particularly A. fumigatiaffinis, N. fischeri and N. udagawae.
Background
Molecular diagnosis of fungal diseases has become increasingly more used in clinical laboratories and new species morphologically similar to Aspergillus fumigatus were surprisingly revealed [1, 2] . Section Fumigati includes fungal species closely related to A. fumigatus that can go from the anamorphous Aspergillus species to the teleomorphic species of the genus Neosartorya [3] .
Misidentification of fungal species within section
Fumigati was sporadically reported in some laboratories, particularly of fungal isolates afterwards identified as Aspergillus lentulus, Aspergillus viridinutans, Aspergillus fumigatiaffinis, Aspergillus fumisynnematus, Neosartorya pseudofischeri, Neosartorya hiratsukae and Neosartorya udagawae [1, 2, 4, 5] . These species present similar microscopical and macroscopical features to A. fumigatus and, therefore, molecular identification is at present recommended for the correct identification of species within section Fumigati. A set of genes, namely actin, calmodulin, internal transcribed spacer (ITS), rodlet A and/or βtubulin, has been proposed for a correct identification of A. fumigatus and related species following sequencing analysis [3, 6] . Multilocus sequence typing (MLST) [4] , random amplified polymorphic DNA [7] , restriction fragment length polymorphism [8] and microspherebased Luminex assay [9] may allow molecular identification of A. fumigatus. Recently, a practical and cheap electrophoretic strategy was described for molecular identification of A. fumigatus and distinction of the species within the section Fumigati [10] .
In addition to fungal identification, genotyping methodologies have been improving and gained importance in clinical laboratories. Microsatellite typing methods are very useful for studying A. fumigatus molecular epidemiology due to its reproducibility and high discrimination power (around 0.9997). A group of eight microsatellite markers combined in a single PCR multiplex assay with high discrimination power is currently available for A. fumigatus genotyping [11] . Such tool may be very useful to investigate outbreaks in clinical units, to evaluate quality control programmes particularly in units admitting critical-care patients, to identify patients with chronic fungal colonization (e.g. some cystic fibrosis patients) and patients with invasive disease caused by multiple fungal strains [11] [12] [13] [14] . In addition, genotyping approaches might allow evaluating the response of patients to the antifungal therapies [12] .
Few microsatellites (or short tandem repeats -STRs) have been described as species-specific [15] [16] [17] [18] , while others are transversal to a group of closely related species [19] . Nevertheless, these markers are of extreme utility for population and conservation genetics. The complete genome sequence of Neosartorya fischeri, a sibling species, was recently published and high homology was revealed when comparing to A. fumigatus. Repeat elements density was very similar when comparing these two species and two strains of A. fumigatus [20] . The genomic dynamics for acquisition and removal of microsatellites in closely related species is still unknown, and therefore, it is of scientific relevance to compare and highlight the diversity of some microsatellites in a group of very closely related fungi.
Aspergillus fumigatus is one of the most common agents of systemic mold infections. Genotyping strategies (mostly employing microsatellites) have been described as very useful in labs for detection of outbreaks, identification of patients chronically colonized with A. fumigatus and monitoring of antifungal efficacy in patients [2, 5] . In addition, sibling species within section Fumigati should also be promptly identified as they present considerable differences in antifungal resistance [21] . The specificity of microsatellite-based PCR multiplex to A. fumigatus was first confirmed in a group of Aspergillus species [11] , but it is also important to assess both the specificity and the diversity of these microsatellites within Aspergillus section Fumigati. Therefore, the two aims of this study were to evaluate the specificity of a set of previously described microsatellite markers to A. fumigatus [11] in a group of closely-related species and the ability of the multiplex to identify A. fumigatus and other species belonging to section Fumigati based on the presence/absence of some microsatellite markers.
Results
Standard microsatellite-based multiplex PCR tested with Aspergillus spp. and Neosartorya spp A set of eight microsatellites previously described for A. fumigatus genotyping strategy was tested with other species belonging to Aspergillus section Fumigati, namely A. fumigatiaffinis, A. lentulus, A. novofumigatus, A. unilateralis, A. viridinutans, N. fischeri, N. hiratsukae, N. pseudofischeri, and N. udagawae, and a reference strain of A. fumigatus. The reference A. fumigatus ATCC 46645 was easily genotyped with the standard multiplex conditions and a profile of eight peaks was produced after electrophoretic separation, each one corresponding to a single microsatellite (see Additional file Figure A1 ). Similar profile was observed for the remaining ten isolates of A. fumigatus, as previously described [11, 12] . A similar approach was followed for non-fumigatus fungal isolates. No specific PCR amplification products were observed for all tested species from section Fumigati, with the exception of MC6b in A. unilateralis. Sequence analysis of MC6b in A. unilateralis confirmed that this genomic sequence was similar to the sequence of A. fumigatus (Figure 1 ), therefore excluding unspecific amplification of other genomic regions. Nevertheless, the multiplex conditions previously described for A. fumigatus genotyping proved to be highly specific, even with the amplification of MC6b in A. unilateralis, as the set of eight microsatellite markers could be uniquely observed in A. fumigatus isolates.
Microsatellites in A. fumigatus AF293 versus N. fischeri NRRL 181
We screened the complete genome sequence of N. fischeri NRRL 181 in order to locate and compare the microsatellite markers employed for A. fumigatus genotyping. Few microsatellites previously described in A. fumigatus were also found in N. fischeri genome, with a single one having more than 30 repetitive motifs (e.g. MC3), while other genomic regions were found more stable without the ability to accumulate repeats. Markers MC3, MC6a and MC7 showed sequences with more than three repeats of the original motif detected in A. fumigatus, representing microsatellites that are potentially polymorphic and might be employed for N. fischeri genotyping. Figure 2 shows a set of eight genomic sequences in N. fischeri previously described to be unstable in A. fumigatus, representing microsatellites. Curiously, the accumulation of insertions and deletions in these genomic regions was frequently observed, including the regions where the A. fumigatus primers were located. Thus, some markers are not expected to be amplified in N. fischeri due to extensive modifications of primer regions in the genome of this fungus, as it is the case of MC3, MC1 and MC8 forward primers and MC2 reverse primer ( Figure 2 ).
Microsatellite-based PCR multiplex for identification of fungal species
We have confirmed the specificity of the microsatellite multiplex for A. fumigatus within section Fumigati with a single exception observed in A. unilateralis (marker MC6b). However, it could not be discarded the detection of few other markers in species belonging to section Fumigati if less stringent PCR conditions were employed, as some markers were found in the genome of N. fischeri NRRL 181. Therefore, we had tested distinct amplification temperatures (from 48 to 60°C) in the group of species belonging to section Fumigati. Few markers could be amplified after decreasing the PCR annealing temperature from 60°C to 55°C (see Table 1 ). Eight peaks previously observed in A. fumigatus were similarly found when testing less stringent PCR conditions. Sequencing analysis of those amplicons revealed genomic similarities to A. fumigatus (see Additional file Table A1 ; a single exception was MC3 primers that amplified an unspecific region). Remarkably, distinct electrophoretic profiles were obtained for all tested species based on the amplification of the microsatellite multiplex panel at 55°C, as seen in Table 1 . The relevant pathogens of section Fumigati, A. fumigatiaffinis, N. fischeri and N. udagawae, were clearly distinguished from A. fumigatus and from all the other species within this section. In addition, A. novofumigatus was also identified. Besides A. fumigatus isolate, MC6a was uniquely amplified with N. fischeri isolate, while MC8 was obtained exclusively with N. udagawae. The marker MC5 was amplified with A. fumigatiaffinis and A. novofumigatus (Table 1) . Few microsatellites showed more than three repeat motifs, as it was the case of MC6a in A. lentulus and MC6b in A. unilateralis (sequence analysis of the amplified markers was added as supplementary Table A1 ). Sequence analysis of marker MC6b showed that A. lentulus and A. viridinutans (the most relevant species in clinics besides A. fumigatus) were different from all the other tested species.
Discussion
Species such as A. lentulus, A. viridinutans, N. pseudofischeri, and N. udagawae have been described as human pathogens associated to severe cases of trabecular bone invasion, cutaneous, cerebral, liver or pulmonary aspergillosis [1, 2, [21] [22] [23] . In addition, some species were reported as primary resistant in vitro to the substance class of azole antifungals [6, 24] . Therefore, due to their intrinsic resistance, infections caused by strains of these species cause difficult to treat infections that deserve increased attention by clinicians. Molecular techniques are recommended for the correct identification of species within the group "A. fumigatus complex", but most clinical laboratories still cannot afford to routinely implement sequencing technologies. Few electrophoretic methodologies are available for molecular identification of A. fumigatus and related species and represent valid alternatives [7] [8] [9] [10] . Since genotyping strategies have been strongly recommended by researchers, clinicians and technicians to be implemented in clinical laboratories, it would be desirable to combine both identification and genotyping capabilities in a single method. In this study, we explored the specificity of an A. fumigatus microsatellite genotyping panel in a group of closely related fungal species. The specificity of microsatellite multiplex was confirmed similar to previously described for other standard molecular methodology, such as MLST [4] . In fact, A. fumigatus could be correctly identified employing this strategy, similarly to what was previously described for Candida parapsilosis [18] , Cryptococcus neoformans [15] , Paracoccidioides brasiliensis [17] , and Saccharomyces boulardii [16] when using microsatellite markers combined in a multiplex. It is worth mentioning that simplified methodologies based on restricted genotyping panels of only one or two microsatellite markers [e.g. 25], although more practical and rapid for epidemiological studies, can produce inaccurate results. Our data adds to the increasingly reported application of microsatellite alleles to identify some fungi within complexes of species. In this study we also noticed a low transferability of microsatellites within section Fumigati, namely when comparing N. fischeri genome. A small number of markers (4 of 25) have also been described as transferable from related Uredinales species to Hemileia vastatrix [26] . Our results of section Fumigati agree with previous reports that describe a smaller fraction of cross species transfer of microsatellites within fungal genera when compared with higher eukaryotes [27] .
Genomic regions of eukaryotes and prokaryotes with microsatellites are prone to genomic alterations particularly insertions and deletions [28] . In this work we observed such modifications when we compared the genomes of A. fumigatus and N. fischeri in regions with microsatellites. The motif length (tri-, tetra-or pentanucleotide) was not correlated with an increased presence in closely related species. Such genomic dynamics resulted in a distinct electrophoretic profile for each species following the application of microsatellite-based PCR multiplex at 55°C. The relevant pathogens of section Fumigati, such as A. fumigatiaffinis, N. fischeri and N. udagawae, were easily identified, however, testing this strategy in a broader range of species and isolates would better support identification of species within Aspergillus section Fumigati. This strategy has been successfully tested before in the identification of microsatellite transferability in close related species [29] . Furthermore, the genotyping strategies of less studied species of section Fumigati can now be better approached, as new microsatellite markers have now been proposed for A. unilateralis and N. fischeri. Wide application of typing methodologies can give pertinent information regarding microbial epidemiology, chronic colonization for several patients and effectiveness of antibiotic treatments [11] [12] [13] [14] . The initial question on the real specificity of the microsatellite markers selected for A. fumigatus genotyping was answered in the present work and it represents a genuine and required improvement for applicability of the methodology. We proved that the proposed panel with eight microsatellites [11] is highly appropriate for genotyping A. fumigatus. Besides genotyping, microsatellite-based multiplex PCR allows the identification of A. fumigatus and a slight modification of PCR conditions also allow identifying other pathogenic species within section Fumigati, particularly A. fumigatiaffinis, N. fischeri, and N. udagawae. Sequence analysis of marker MC6b showed that A. lentulus and A. viridinutans were different from all the other tested species.
Methods

Fungal strains and culture conditions
A set of fungal isolates described as belonging to Aspergillus section Fumigati was obtained from Centraalbureau voor Schimmelcultures (CBS): the pathogenic moulds Aspergillus fumigatiaffinis (CBS 117186), Aspergillus lentulus (CBS 116880, 117180, 117182, and 117885), Aspergillus viridinutans (CBS 121595), Neosartorya fischeri (CBS 316.89), Neosartorya hiratsukae (CBS 124073), Neosartorya pseudofischeri (CBS 208.92 and 110899), and Neosartorya udagawae (CBS 114217), and two nonpathogenic moulds Aspergillus novofumigatus (CBS 117519) and Aspergillus unilateralis (CBS 126.56). The reference strain A. fumigatus ATCC 46645 was also included in the present work, as well as ten different strains of A. fumigatus from our collection. Monospore isolates from all the fungal strains were cultured on Sabouraud dextrose agar for 5 days at 30°C. A sodium hydroxide based method was used to extract DNA from fungal conidia (protocol at http://www.aspergillus.org.uk/ indexhome.htm?secure/laboratory_protocols). Fungal DNA was suspended in 50 μl of sterile water and frozen at -20°C. Control of the DNA quality was carried out by amplifying and sequencing the β-tubulin region in all tested fungi, using previously selected primers [10] .
Microsatellite-based PCR multiplex
Microsatellite PCR multiplex was performed according to previously selected primers that allowed the identification of the microsatellites based on tri-, tetra-, and pentanucleotide motifs located in different chromosomes [11] . The PCRs were performed in 5 μL final volume, with 1 μL of genomic DNA (1-5 ng/μL), 2.5 μL of 2 × Qiagen multiplex PCR master mixes (Qiagen, Hilden, Germany) and 0.5 μL of a mix of eight primer pairs, at 2 μM concentration. After a 95°C preincubation step of 15 min, PCRs were performed for a total of 30 cycles, using the following conditions: denaturation at 94°C for 30 s, annealing at 60°C for 90 s and extension at 72°C for 1 min; with a final extension step of 10 min at 72°C. The internal size standard GeneScan 500 LIZ (Applied Biosystems, Foster City, CA, USA) (0.5 μL) and HiDiformamide (Applied Biosystems) (12 μL) were added to the PCR-amplified products and run in an ABI PRISM 3100 genetic analyser 16-capillary electrophoresis system (Applied Biosystems). Fragment size was performed automatically using Genemapper software 4.0 (Applied Biosystems).
DNA sequencing conditions
PCR-generated fragments were purified with ExoSAP-IT (USB Corporation, Cleveland, Ohio, USA) and the reactions were conducted employing an ABI Big Dye terminator cycle sequencing kit (Applied Biosystems) under the following conditions: after a 95°C pre-incubation step of 15 min and DNA denaturation at 96°C for 15 s; 35 PCR cycles were performed with primer annealing at 50°C for 9 s, an extension at 60°C for 2 min; followed by a final extension at 60°C for 10 min. A volume of 8 μL of HiDiformamide were added to the sequencing products and run in an ABI PRISM 3100 Genetic Analyser 16-capillary electrophoresis system. The results were analyzed using the Sequencing 5.2 analysis software (Applied Biosystems).
Data analysis
Complete genome sequences of A. fumigatus AF293 and N. fischeri NRRL 181 available at Ensembl (www. ensembl.org/index.html) were downloaded and the group of eight STRs located in those genomes employing the Geneious software v4.7 (Biomatters Ltd, Auckland, New Zealand) and BioEdit sequence alignment editor (available at http://www.ctu.edu.vn/~dvxe/Bioinformatic/Software/BioEdit.htm).
